Type of Activity
The instructor should introduce the background material during class and should consider an assigned reading (homework) of related material (e.g., Costanza et al, 1997; Daily, 1997; UNDP et al., 2000) prior to completing the case study. The study consists of students, either individually or in pairs, running various policy and price scenarios through Virtual Watershed and interpreting the results. Classroom presentation of students' scenarios and answers to suggested questions will encourage additional discussion and aid in student understanding of the problem's complexity and of the usefulness of multiobjective decision tools.
Level of Effort by Instructor
It is suggested that the instructor allocate one class 50-minute class period to the introduction of multiobjective optimization and Pareto optimality. A second class period should be spent on agent-based programming and on developing an understanding of water quality issues, the effects of different crop and tillage practices, subsidy programs for agricultural lands, and how landowners proceed according to different objectives (see Lant et al., 2005 and other references cited herein). The case study itself should be introduced in a third class period; the introduction should include simulation and interpretation of an example using Virtual Watershed. An instructor who is not familiar with this topic may require an additional 2 to 5 hours for review and understanding of this material and related literature.
Level of Effort by Individual Student
Students should be expected to spend 3 hours reviewing and understanding this material, along with related literature distributed by the instructor. An additional 3 hours should be spent completing the Virtual Watershed assignment, and 1 hour should be spent preparing a presentation of their recommended policy.
Software Required
No specialized software is required; students must have access to an Internet browser and must be able to access the Virtual Watershed website at http://vws.erp.siu.edu:90/vws/vws7.html.
Suggested Assessment Methods
The result of the analysis suggested in the case study should be similar to that shown in Figure ( i) Assessment should involve written or verbal response to related evaluation-level questions. The instructor may choose to ask one or more of the following:
 Is it possible to increase the level of ecosystem services in Big Creek watershed without sacrificing landowners' potential to maintain or increase gross margin? Explain.  What price structure and/or institutional policy change would you prefer if you were a (a) 100% conservationist; (b) 100% capitalist; (c) person that values conservation, but not at the expense of lost profit. Justify your answer.
 What are some limitations to implementing these policies and price structures that may not have been fully captured in the model?  How do current political and economic affairs (e.g. presidential elections, ethanol production, and the rise of gasoline prices), as well as natural disasters and weather conditions (e.g., regional drought or widespread flooding) affect watershed management decisions? Consider the impacts of these situations on commodity prices and, based on the modeled improvement space, evaluate and explain the resulting effects on future land user decisions.
Figure (i). Simulation Result for Different Price Structures
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Case Study
Introduction
Multifunctional agricultural watersheds are important producers of ecosystem services, including enhanced water quality, nutrient recycling, reduced sedimentation, carbon sequestration, and enhanced wildlife habitat, in addition to traditional agricultural commodities. Ultimately, however, the resulting mix of ecosystem services and commodity outputs from privately owned rural agricultural landscapes depends on the spatial pattern of land uses emerging from land use decisions by the landowners or land managers. Thus, understanding the connections and resulting tradeoffs among agricultural and environmental policies, landowner decision-making processes, and environmental outcomes is an important step in structuring policies and incentives that target ecosystem service generation and overall environmental quality, without undermining agricultural productivity. Virtual Watershed is an Internet-based watershed planning tool aimed at improving that understanding. The model is built by integrating several important systemsrelated tools (multi-objective evolutionary algorithms, agent-based programming, and environmental/hydrologic simulation) in an effort to capture the dynamic interactions among economic and ecological conditions, public policies, land manager behavior and demographics, and historical land use patterns.
This case study involves application of Virtual Watershed to Big Creek watershed, a 133-km 2 basin located in southernmost Illinois. This agriculturally-dominated watershed is a sub-basin within the 1,944-km 2 Cache River watershed located near the confluence of the Mississippi and Ohio Rivers. The ecological significance of the Cache River basin is apparent through its designation as a State Natural Area and Land and Water Reserve, a National Natural Landmark, an Important Bird Area, and a Wetland of International Importance (i.e., Ramsar Wetland). Existing threats to the Cache River ecosystem include the loss and fragmentation of natural habitat, dramatic alterations of natural hydrologic regimes, and excessive upland erosion and sediment deposition as a direct result of agricultural practices. Big Creek basin has been identified by the Illinois State Water Survey as the primary source of sediment (approximately 70%) in the Lower Cache River (Demissie et al., 1992) . The majority of this material is transported during infrequent flood events; 96.3 percent of sediment is moved in five percent of the time (Demissie et al., 1990) . A significant quantity of nutrients, including phosphorous and nitrogen, are transported with the sediment, resulting in further deterioration of downstream water quality.
Problem Formulation
The watershed management problem, ultimately focused on simultaneous management of ecosystem service generation and agricultural commodities, can be posed in several ways. One possible formulation and the focus of this case study involves the determination of watershedscale landscapes that (i) Maximize  production of corn, soybeans, hay, and other agricultural commodities, represented through an aggregated crop production index;
(ii) Minimize  watershed-scale sediment and nutrient yields;
(iii) Minimize  annual peak flow at the watershed outlet, and;
(iv) Maximize  carbon sequestered by the landscape;
Subject to  Governing hydrologic and environmental physics, crop yields in response to inputs, feasible land and crop management constraints, and existing agricultural technology.
Virtual Watershed Framework
The overall structure of Virtual Watershed is guided by the "human dimensions of global environmental change" model (Stern et al., 1992) where socioeconomic forces act as "structures" to which independent "agents" (e.g., farm operators) respond by making land use choices. These choices, in combination with the hydrologic and geographic characteristics of the watershed, provide the changing spatial structure within which environmental processes function to produce economic and ecosystem service outputs. Society evaluates these sets of outputs and, if they fail to meet politically-determined social goals, responds by attempting to modify the decision environment by changing policies.
At the center of Virtual Watershed are three loosely-coupled models: an optimal control model, an agent-based model, and a hydrologic and environmental simulation model. Details regarding each of these components are provided in the following paragraphs, and the overall architecture of Virtual Watershed is shown in Figure 1 .
Optimal control model: Evolutionary algorithms (EAs) (e.g., genetic algorithms and related multi-objective search algorithms) can be used effectively to find patterns of land use that optimize sets of economic and environmental objectives (Nicklow and Muleta, 2001; Muleta and Nicklow, 2002; Muleta and Nicklow, 2005; Bekele and Nicklow, 2007) . EAs represent a group of robust, heuristic search procedures that generally rely on stochastic search rules to solve complex decision problems. They are distinctly different from gradient-based algorithms (e.g., nonlinear programming and differential dynamic programming) in that they require no userdefined starting point, nor do they rely upon derivative information about the objective function or constraints. Instead, the objective function magnitude is used to display incrementally better solutions (i.e., decisions). This characteristic alone makes them amenable for application to nonconvex, highly nonlinear and even discontinuous problems for which most traditional optimization techniques would have difficulties or fail.
Figure 1. Virtual Watershed Framework
Within the context of the watershed management problem, a multiobjective EA known as NSGAII (refer to Deb et al., 2002 for additional information) is used to evaluate Pareto Optimality, better referred to in this study as a Productions Possibility Frontier (PPF). Generation of the PPF is a key element of the analysis because it represents ideal conditions (landscapes) from a management perspective. When compared to a current landscape, the user can then evaluate potential opportunities for improvement. For example, Figure 2 illustrates the PPF for Big Creek watershed. To begin, notice that results from solving the four-dimensional (four objective) problem were collapsed into two dimensions. This task was undertaken based on previous studies on Big Creek demonstrating that land use patterns that retain sediment also retain nitrogen and phosphorus and reduce flood peaks with a high degree of correlation. For example, annual average sediment load from landscape patterns is correlated with phosphorus load from those patterns (R 2 = 0.98), nitrate load (R 2 = 0.92) (Bekele and Nicklow, 2005) , and flood peaks (R 2 = 0.93). Similar results were obtained for carbon sequestration. For the purposes of display only, therefore, these three ecosystem services and their corresponding non-dominated solutions are aggregated into a hydrologic and water index simply by weighting each of them equally. The resulting two-dimensional PPF consists of approximately 15 data points, each representing a discrete land use pattern with considerably different levels of economic and ecological performance. Note that some ambiguity in whether solutions appear dominated may occur because of the aggregation of solutions for display. From the figure, however, it is apparent that landscape A performs maximally for ecosystem service objectives; while landscape C performs maximally with respect to crop production. Next, notice that the current landscape (landscape B) is sub-optimal (i.e., dominated) with respect to all objectives. Thus, an opportunity for increased generation of ecosystem services, agricultural commodities, or both (i.e., improvement space) exists. Virtual Watershed is tasked with providing the user with a plot similar to that shown in Figure 1 , including an evaluation of improvement space. The remaining aspect of this management problem involves user determination of how policy (e.g., public subsidization and regulation) and price structures can be altered to provide incentives that capitalize on this opportunity and move the current landscape through the improvement space and closer to the PPF.
Figure 2. PPF for Big Creek Watershed
Agent-Based Modeling: Multiple-farmer behavior in response to various price and policy structures is evaluated using artificial agents, along with a genetic algorithm. The agents themselves are autonomous entities that have limited knowledge and information, but are represented by simple subroutines of a computer program (Parker et al., 2003) . They are goal directed, can sense the environment and act upon it, and are capable of interacting with other agents. In the context of the watershed management problem, the agent represents a farmer or B C A farm manager who combines his/her knowledge, values, relevant policy and market conditions, information on biophysical variables (soil quality, crop productivity, and slope), and resource availability (land, labor, and machinery) to make land use choices that define an agricultural landscape.
Based on field surveys (Kraft et al., 1989; Loftus and Kraft, 2003) , three types of farmer agents have been identified for Big Creek: profit maximizers, satisficers, and conservationists (see Figure 3) . The three types of agents were distributed throughout the Big Creek watershed based on assignment to faux farm boundaries. A genetic algorithm (GA) is used to model the land use decision making behavior of each agent and to determine a particular land use plan. In the case of the profit maximizer, for example, the GA is used determine the land use plan that would maximize gross margin. In contrast, the conservationist aims to minimize soil loss through erosion, and the satisficer, minimizes soil loss while also achieving a minimum income constraint. These land uses, along with other farmer decisions across the watershed, are used to evaluate the anticipated landscape, which can in turn be compared to the PPF. Hydrologic and Environmental Simulation Model: To simulate hydrologic and ecological processes, and thus the ecosystem service outputs of a particular watershed landscape (objectives), the U.S. Department of Agriculture's Soil and Water Analysis Tool (SWAT) has been integrated into Virtual Watershed. SWAT is a continuous-time, spatially distributed hydrologic simulator designed to assist water resource managers in routine assessment of water supplies and the effects of non-point source pollution in river basins (Arnold et al., 1998; ASCE, 1999) . The model is well supported and widely accepted and has been incorporated into USEPA's BASINS model for hydrologic and water quality analysis of watersheds. The model operates on a daily time interval and allows a watershed to be subdivided into natural subwatersheds, upon which distributed routing of flows is based. It is important to note that stream flow and average annual nutrient and sediment loads are modeled by SWAT at a watershed scale, but these analyses are more-fundamentally based on evaluation of individual, contributing Hydrologic Response Units (HRUs). Agricultural management practice options include tillage techniques, planting and harvesting dates of specific crops, fertilizer and pesticide types, application dates and dosages, and cropping sequences. The model also provides an estimate of crop yield and accounts for crop yield reduction that may arise due to environmental stresses. Additionally, SWAT operates on a GIS platform, which greatly assists in the generation of model input parameters and visualization of model output. In addition to SWAT simulation, a regression model is used to evaluate the amount of carbon sequestered according to land use and soil type. This model was created through an extensive field study conducted in Big Creek watershed (Yadev et al, 2007; Yadev and Malanson, 2008) .
VWS Web Application
Virtual Watershed can be publicly accessed at http://vws.erp.siu.edu:90/vws/vws7.html. The tool is a web-enabled, user-friendly application prototype that is used to run scenario-based simulations and visualization of results. Users define policy scenarios represented by crop prices, CRP rental rates and level of soil loss and submit through a dialog window to run a simulation. After the completion of each scenario run, results of simulation can be displayed in different formats as maps, graphs, and tables together with various background layers. The display is dynamic, and automatically changes to reflect the results of the latest scenario simulation. The map view can be "zoomed in" to focus on specific areas and queried on a click of a mouse to view the attribute data at that location. A collage of the input dialog and different views of the web application interface is shown in Figure 4 .
Scenario Analysis Assignment
Consider the three price structures shown in Table 1 for Big Creek watershed. Each represents a change in market conditions with respect to the provision of ecosystem services and/or to commodity prices as a result of corn-based ethanol, unfavorable weather conditions, or similar pressures. The first scenario is a baseline scenario, representing market and policy conditions that existed under the 1996 and 2002 farm bill. This condition is reflected through the market price for commodities and land rental rates for lands under the Conservation Reserve Program (CRP). The second scenario looks at changes in production of both commodity and ecosystem services as a consequence of CRP rental rates increasing from $68 to $90/acre. The third scenario simulates commodity and ecosystem service production as a result of high commodity prices that are reflective of current land use changes in the Unites States due to ethanol production. Enter the values represented by each scenario and evaluate the resulting landscape relative to the PPF. Proceed by answering questions posed by your instructor. 
